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A B S T R A C T

Background and aims: Aging-induced bone loss is a multifactorial, age-related, and progressive phenomenon
among the general population and may further progress to osteoporosis and increase the risk of fractures.
Cycloastragenol (CAG), currently the only compound reported that activates human telomerase, is thought to be
able to alleviate or delay the symptoms of aging and chronic diseases. Previous research has suggested that CAG
may have the potential to alleviate age-related bone loss. However, to date, no research has specifically focused
on this aspect. In this study, we aimed to investigate whether CAG could prevent senile osteoporosis, and further
reveal its underlying mechanism.
Methods: CAG treatment was administrated into two bone loss rat models (D-galactose administration and
aging) for 20 weeks and 33 weeks, respectively. Serum biomarkers analyses, bone biomechanical tests, micro-
computed tomography assessment, and bone histomorphometry analyses were performed on the bone samples
collected at the endpoint, to determine whether CAG could prevent or alleviate age-related bone loss. Proteomic
analysis was performed to reveal the changes in protein profiles of the bones, and western blot was used to
further verify the identity of the key proteins. The viability, osteoblastic differentiation, and mineralization of
MC3T3-E1 cells were also evaluated after CAG treatment in vitro.
Results: The results suggest that CAG treatment improves bone formation, reduces osteoclast number, alleviates
the degradation of bone microstructure, and enhances bone biomechanical properties in both D-galactose- and
aging-induced bone loss models. CAG treatment promotes viability, osteoblastic differentiation, and miner-
alization in MC3T3-E1 cells. Proteomic and western blot analyses revealed that CAG treatment increases os-
teoactivin (OA) expression to alleviate bone loss.
Conclusion: The results revealed that CAG alleviates age-related bone loss and improves bone microstructure and
biomechanical properties. This may due to CAG-induced increase in OA expression. In addition, the results
support preclinical investigations of CAG as a potential therapeutic medicine for the treatment of senile os-
teoporosis.
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1. Introduction

Senile osteoporosis (SOP), a common skeletal disease closely asso-
ciated with low quality of life among the aged population, is char-
acterized by decreased osteoblast activity, low bone mass, and micro-
architectural deterioration of bone tissue [1]. Senescent cells
accumulate locally with aging, and components of the senescence-as-
sociated secretory phenotype (SASP) have deleterious autocrine and
paracrine effects on bone [2]. These changes disturb the coupling bal-
ance between bone formation and resorption in bone remodeling,
thereby leading to bone loss [3]. Telomere attrition is an important
factor inducing senescence in bone, as it reduces the proliferation of
bone cells [4], and decreases mesenchymal stem cells’ (MSCs) differ-
entiation into osteoblasts [5]. Another important trigger for senescence
is increased oxidative stress, which has been reported to promote os-
teoclast activity and inhibit osteoblast function [6]. In addition, apop-
tosis of osteoblasts and osteocytes has been linked to increased levels of
reactive oxygen species (ROS) [7]. With the growing aged population
and increased life expectancy, SOP is becoming an increasingly difficult
challenge for physicians. However, treatment of SOP relies on medi-
cations that were originally designed for post-menopausal osteoporosis.
Although SOP is quite similar to post-menopausal osteoporosis, current
medications do not specifically target the causal factor of the disease —
aging [8,9].

Cycloastragenol (CAG), an aglycone of astragaloside IV isolated
from Astragalus membranaceus Bunge, is the only compound known to
activate human telomerase, to date [10]. Previous studies have re-
ported that CAG has multiple pharmacological effects, including anti-
oxidant [11], and anti-inflammation effects [12,13], promotion of au-
tophagy [14], and improvement of lipid metabolism [15,16]. CAG has
the potential to treat various diseases and prolong health span, possibly
due to the activation of the MAPK, AMPK, or FXR signaling pathways
[17].

Telomere attrition and oxidative stress are induce factor of aging
[18]; thus, CAG is thought to alleviate or delay symptoms of aging and
chronic diseases. Previous studies suggest that CAG may have the po-
tential to alleviate age-related bone loss. However, to date, no study has
specifically focused on this aspect. In this study, we aimed to investigate
the preventive effects of CAG on age-related bone loss in vitro and in vivo
using MC3T3-E1 cell model and D-galactose (D-Gal)-induced aging and
natural aging rat models, respectively.

2. Materials and methods

2.1. Chemicals and reagents

Cycloastragenol was purchased from Best (Chengdu, China) (in vitro
experiment) and Zelang Biological Technology (Nanjing, China) (in vivo
experiment). D-galactose was purchased from Biosharp (Hefei, China).
GPNMB polycloncal antibody was purchased from Thermo Fisher
Scientific (Waltham, MA, USA). Beta-actin antibody was purchased
from Cell Signaling Technology (Beverly, MA, USA).

2.2. Cell culture

MC3T3-E1 cells, obtain from the Anatomy Laboratory of Southern
Medical University, were cultured in α-MEM supplemented with 10 %
FBS in a humidified atmosphere containing 5 % CO2 at 37 °C. The
medium was replaced every 3 days. When 80%–90% confluence was
reached in the 25 mm culture bottle, cells were seeded in 96-well plates
at a density of 3000 cells/well, in 24-well plates at a density of 5000
cells/well or in 12-well plates at a density of 6 × 104 cells/well for
different assays.

2.3. Cell viability assay

Viability of MC3T3-E1 cells were determined by a MTT kits as de-
scribed previously [19]. MC3T3-E1 cells were plated in 96-well plates
(3000 cells/well) and treated with different concentrations of CAG
(0.03–3 μM) and 10 μM icariin. After culturing for 24, 48, and 72 h,
viability was measured using MTT kit according to manufacturer’s in-
struction (Nanjing Jiancheng, Nanjing, China).

2.4. Alkaline phosphatase (ALP) activity assay

MC3T3-E1 cells were seeded into 24-well plates (5000 cells/well)
and treated with different concentrations of CAG (0.03–3 μM) and 10
μM icariin. After culturing for 5, 7, and 9 days, ALP activity assays were
completed using ALP kit according to the manufacturer’s instructions
(Nanjing Jiancheng, Nanjing, China).

2.5. Cell mineralization assay

To determine calcium deposition, alizarin red staining was per-
formed on day 7 to evaluate the mineralized matrix. Differentiation
media (DM) was consisted of α-MEM supplemented with 10 % FBS, 50
μg/ml ascorbic acid and 10 mM β-glycerophosphate. Cells were divided
into control, DM, 0.03 μM CAG + DM, 0.1 μM CAG + DM, 0.3 μM CAG
+ DM and 10 μM icariin + DM treatment cell groups. After culturing
for 7 days, cells were stained with 0.1 % alizarin red (Sigma) at a pH of
7.2, and then examined via light microscopy.

2.6. Animals and experiment protocol

Male Sprague-Dawley rats were purchased from the Laboratory
Animal Center of Southern Medical University. Female Sprague-Dawley
rats were purchased from laboratory animal center of Guangxi Medical
University. All mice were maintained under specific pathogen-free
(SPF) conditions at Animal Center of Guangdong Medical University
and approved by the local ethics authorities of Academic Committee on
Ethics of Animal Experiments of the Guangdong Medical University,
Zhanjiang, People’s Republic of China.

D-galactose induced aging rat model: Fifty nine-week-old male
Sprague-Dawley rats were randomly allocated to five group. A group
was subcutaneously injected with D-Galactose (100 mg kg−1d−1) for 20
weeks. Three groups were administrated orally via gavage with CAG at
dose 3, 7, or 14 mg kg−1d−1, for 20 consecutive weeks concurrent with
D-galactose injection. In addition to a control group that received cor-
responding vehicles.

Natural aging rat model: Forty 51-week-old female Sprague-Dawley
rats were randomly allocated to four groups. A group was administrated
orally via gavage with corresponding vehicles for 33 consecutive weeks.
Three groups were administrated orally via gavage with CAG at dose 3,
7, or 14 mg kg−1d−1, respectively, for 33 consecutive weeks. Eight 28-
week-old female rats were set as control with no treatment.

2.7. ELISA

ELISA was performed to detect biomarkers in animal serum
(TRACP, MDA) according to the manufacturer’s instructions
(Elabscience, Texas, USA).

2.8. Bone mechanical test

A three-point breaking test was performed on the midshaft of the
right femurs obtained from all rats as previously described [20]. A Bose
Electro Force Testing System (ELF3510; Bose Corp., Eden Prairie, MN,
USA) was used. Bone samples were tested with a 1 mm indenter, at
speed of 0.01 mm/s with 15 mm span.
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2.9. Micro-computed tomography assessments (Micro-CT)

Micro CT analysis was performed as previously described [21]. The
femur metaphyseal trabecular bones were scanned using vivaCT40
(Scanco Medical, Zurich, Switzerland) in high-resolution condition (X-
ray energy on 70 KVp, 114 μA, 8 W; integration time 200 ms). The
region of interest was the distal femur metaphysis located between 1
and 4 mm distal to the growth plate epiphyseal junction.

2.10. Bone histomorphometry

Bone histomorphometry analyses were performed as previously
described [22]. A semiautomatic digitizing image analysis system (Os-
teometrics, Inc., Decatur, GA, USA) was used for quantitative mea-
surement. Undecalcified distal femur metaphysis and diaphysis were
embedded in methacrylate, and 4 mm and 8 mm sections were cut.
Unstained 8 mm sections were used to measure fluorescent calcein-la-
beled bone surfaces at a wavelength of 495 nm. For calcein labeling,
rats were injected with 10 mg/kg body weight of green fluorescent
Calcein (Sigma) at 3, 4, 13, and 14 days before sacrifice. Toluidine Blue
staining was performed in 4 mm sections for quantification osteoblasts
and osteoclasts.

2.11. Proteomic assay

Bone protein digestion was performed according to the FASP pro-
cedure [23], and the resulting peptide mixture was labeled using the
TMT (Tandem mass tag) reagent according to the manufacturer’s in-
structions (Thermo Scientific). TMT peptides were fractionated by SCX
chromatography using the AKTA Purifier system (GE Healthcare). Li-
quid Chromatography (LC)-Electrospray Ionization (ESI) Tandem MS
(MS/MS) was performed on a Q Exactive mass spectrometer that was
coupled to Easy nLC (Proxeon Biosystems, now Thermo Fisher Scien-
tific). MS/MS spectra were searched using MASCOT engine (Matrix
Science, London, UK; version 2.2) embedded into Proteome Discoverer
1.3 (Thermo Electron, San Jose, ca.) against Ensemble_Rat (Database)
and the decoy database.

2.12. Western blotting

Bones were snap-frozen in liquid nitrogen, grounded into powder,
and lysed in RIPA buffer [24]. Protein extracts were separated on 10 %
SDS polyacrylamide gel, transferred on polyvinylidene fluoride mem-
branes, and stained with antibodies against the indicated primary an-
tibodies.

2.13. Statistical analysis

Data were collected from experiments and expressed as the
mean± standard deviation. The statistical differences were analyzed
by one-way analysis of variance with Least Significant Difference and
Student-Newman-Keuls post hoc tests using SPSS 19.0 software (IBM
Corp., Armonk, NY, USA). In proteomic analysis, statistical differences
were analyzed by Fisher’s exact test. P<0.05 was considered to in-
dicate a statistically significant difference.

3. Results

3.1. CAG has no effect on the body weight of rats

Free radical theory is a classical theory of aging [25]. Excessive
doses of D-galactose resulted in large amounts of ROS and galactitol,
impairing cell function and eventually leading to aging [26]. D-ga-
lactose-induced aging models share a lot in common with the natural
aging model. However, natural aging is more complicated. Therefore,
both the D-galactose-treated and the natural aging model rats were used

to evaluate the effect of CAG on age-related bone loss. No significant
differences in body weight and behavior were noted in the two models
throughout the experimental period (Fig. 1A and B).

3.2. CAG decreases serum bone resorption marker in D-Gal-treated rats

D-Gal-treated rats exhibited increased serum bone resorption
marker (TRACP) levels by 101 % compared to vehicle-treated rats, and
a 79.5 % increase in oxidative stress marker (MDA) levels, showing no
significant difference. The elevation in TRACP levels was inhibited by
low (L), medium (M), and high (H) doses of CAG treatment by 20.5 %,
17 %, and 17 %, respectively (Fig. 2A). CAG(L), CAG(M), and CAG(H)
also resulted in 59 %, 69 %, and 51 % decrease in levels of MDA, re-
spectively, but the differences of CAG(H) were not statistically sig-
nificant (P = 0.051) (Fig. 2B). Serum biomarkers analysis suggested
that CAG treatment inhibits bone resorption and improve oxidative
stress.

3.3. CAG protects from bone strength decline

Bone fractures are closely related to the biomechanical properties of
bone. Rats treated with D-Gal for 20 weeks exhibited a 12 % decrease in
both the rigidity coefficient (indicative of structure strength) and the
maximum load (indicative of structure strength and apparent material
strength), compared to vehicle-treated rats; CAG treatment inhibited

Fig. 1. Effects of CAG on body weight of rats.
(A) Body weights of rats in the D-galactose-treated model were determined
every two weeks. Treatment started from the second week and lasted until the
20th week. (B) Body weights of rats in the aged model were determined on a
weekly basis. Treatment started from the second week and lasted until the 33rd
week.
Abbreviation: D-Gal, D-galactose; CAG(L), low dose of CAG; CAG(M), medium
dose of CAG; CAG(H), high dose of CAG.
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the reduction in bone strength. CAG(L) treatment improved the rigidity
coefficient by 14.5 %. CAG(H) treatment improved the rigidity coeffi-
cient and maximum load by 13 % and 14 %, respectively (Fig. 3A–C).

Aged rats treated with CAG for 33 weeks showed improved bone
strength. CAG(L)-treated aged rats showed increased maximum and
elastic load by 15 % and 20 %, respectively, compared to vehicle-
treated aged rats (Fig. 3D–F). Three-point bending tests suggested that
CAG treatment resulted in improved bone strength in the aging model
rats.

3.4. CAG protects against bone loss

To verify the preventive influence of CAG on age-related bone loss,
we scanned trabecular bone using a micro-CT machine and re-
constructed a 3D-image of the bone microstructure. D-Gal-treated rats
showed a 19 % decrease in trabecular number (Tb.N) and a 38 % in-
crease in trabecular separation (Tb.Sp) compared to vehicle-treated
rats. The decline in trabecular bone microstructure was inhibited by
CAG treatment. CAG(L) treatment caused a 26 % increase in Tb.N, a 27
% increase in bone mineral density (BMD), and a 30.5 % decrease in
Tb.Sp. CAG(M) treatment caused a 23 % increase in Tb.N and a 28 %
decrease in Tb.Sp (Fig. 4A and Table 1).

Aged rats exhibited decreases in bone mass (BV/TV), Tb.N, trabe-
cular thickness (Tb.Th), and BMD by 65 %, 54 %, 26 %, and 34 %,
respectively, Tb.Sp increased by 221.5 %, compared to young rats.
These changes were attenuated by CAG treatment. Both CAG(L) and

Fig. 2. Effect of CAG on serum TRACP and MDA levels in D-Gal-treated rats.
Serum levels of (A) TRACP (n = 8 for each group) and (B) MDA (n = 7–10 for
each group) in D-Gal-treated rats. All data are presented as means± standard
deviation. *P<0.05; **P<0.01 (one-way analysis of variance).
Abbreviation: TRACP, tartrate resistant acid phosphatase; MDA, mal-
ondialdehyde; D-Gal, D-galactose; CAG(L), low dose of CAG; CAG(M), medium
dose of CAG; CAG(H), high dose of CAG.

Fig. 3. CAG treatment improves bone biomechanical properties in D-Gal-treated and aged rats.
Quantification of three-point bending test-derived rigidity coefficient, maximum load, and elastic load on (A–C) D-Gal-treated rats (n = 8 for each group) and (D–F)
aged rats (n = 6–9 for each group). All data are presented as means± standard deviation. *P<0.05 (one-way analysis of variance).
Abbreviation: N, newton; D-Gal, D-galactose; CAG(L), low dose of CAG; CAG(M), medium dose of CAG; CAG(H), high dose of CAG.
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CAG(M) treatment resulted in a 19 % increase in Tb.Th (Fig. 4B and
Table 2). Micro-CT assay showed that CAG treatment resulted in better
trabecular bone microarchitecture in aging model rats.

CAG-treated rats had higher bone mass (BV/TV) in both aging
models (47 % by CAG(L) in D-Gal-treated rats and 71 % by CAG(M) in
aged rats), but the differences were not statistically significant.

3.5. CAG reduces osteoclast number and improves bone formation

Bone histomorphometry analysis was performed on the femur me-
taphysis and tibia diaphysis to determine whether the protective effect
of CAG on bones is related to the restoration of bone formation and
inhibition of bone resorption in aging rats. D-Gal-treated rats showed a
497 % decrease in bone formation (BFR/TV), a 55 % decrease in mi-
neral apposition rate (MAR), and a 46 % increase in osteoclast number
(Oc.N), compared to vehicle-treated rats; these changes were inhibited
by CAG treatment. CAG(L) and CAG(H) treatments increased BFR/TV
by 251 % and 273 %, respectively. CAG(H) treatment increased MAR
by 125 %. CAG(L), CAG(M), and CAG(H) treatments decreased Oc.N by
28.5 %, 28.5 %, and 34.3 %, respectively (Fig. 5A and Table 3).

Aged rats exhibited a 27 % increase in Oc.N, a 46 % decrease in
osteoblast activity (%Ob.Pm), and a 63 % decrease in BFR/TV, com-
pared to young rats. CAG(L) treatment decreased Oc.N by 83 %.
CAG(M) treatment increased %Ob.Pm by 45 %, however, this differ-
ence was not statistically significant (Fig. 5B and Table 4). In the tibia
metaphysis, bone histomorphometry results suggested that CAG treat-
ment reduced osteoclast number.

Rats treated with D-Gal and CAG showed an increase in bone for-
mation parameter (E-%L.Pm) compared to rats treated with only D-Gal,
however, these results were not statistically significant (Fig. 6A and C).

Compared to aged rats treated with vehicle, aged rats treated with
CAG(L) and CAG(H) exhibited a 114 % and 123 % increase in bone

formation parameter (P-%L.Pm), respectively (Figure 6B and D). In the
femur diaphysis, bone histomorphometry results indicate that CAG
treatment improves diaphysis bone formation.

The aforementioned results suggest that CAG treatment reduces
osteoclast number (tibia metaphysis) and improves bone formation
(femur diaphysis).

3.6. OA is related to the prevention of bone loss by CAG

We further aimed to elucidate the underlying mechanism of the
preventive effects of CAG on age-related bone loss. Bone proteins from
young rats, aged rats, and CAG(M)-treated aged rats were collected and
used for proteomic analyses. Results showed that CAG(M)-treated aged
rats had 26 up-regulated proteins and 54 down-regulated proteins,
compared to aged rats (Fig. 7A). We focused on proteins linked to bone
metabolism. One of these proteins, osteoactivin (OA), has previously
been reported to promote osteogenic differentiation, improve bone
formation [27,28], and inhibit osteoclast differentiation [29]. Pro-
teomic analysis showed that CAG(M) treatment increases OA expression
(Figure 7B), similar results were observed in the western blot analysis
(Figure 7C and D). Together, this indicates that CAG-mediated pre-
vention of age-related bone loss may be attributed to increased OA
expression.

3.7. CAG exerts pro-osteogenic effect in pre-osteoblasts

Osteoblastic MC3T3-E1 cells are similar to primary calvarial os-
teoblasts, thus they are a good model for studying osteogenic activity
[30]. Icariin has been reported to effectively enhance proliferation and
osteogenesis of bone marrow mesenchymal stem cells; therefore, it was
used as the positive control for this experiment [31]. MC3T3-E1 cells
treated with CAG showed increased viability, osteoblastic

Fig. 4. CAG alleviates age-related bone loss in D-Gal-treated and aged rats.
Representative micro-computed tomography (Micro-CT) images of bone microarchitecture in the femur metaphyseal of (A) D-galactose-treated rats (n = 8 for each
group) and (B) aged rats (n = 6–9 for each group).
Abbreviation: D-Gal, D-galactose; CAG(L), low dose of CAG; CAG(M), medium dose of CAG; CAG(H), high dose of CAG.

Table 1
Micro-CT analysis of femur metaphyseal trabecular bone in D-Gal-treated rats.

Parameters Groups
Control D-Gal CAG(L)+D-Gal CAG(M)+D-Gal CAG(H)+D-Gal

BV/TV/% 0.21±0.03 0.17± 0.07 0.25± 0.09 0.22± 0.08 0.21± 0.06
Tb.N/mm−1 3.08±0.28 2.50± 0.65* 3.16± 0.49# 3.08± 0.54# 2.90± 0.43
Tb.Th/mm 0.07±0.005 0.07± 0.014 0.08± 0.016 0.07± 0.014 0.07± 0.009
Tb.Sp/mm 0.26±0.03 0.36± 0.15* 0.25± 0.07# 0.26± 0.07# 0.28± 0.06
BMD/mg* cm−3 298.25± 7.09 274.38±39.29 349.28± 39.18## 297.34±54.80 312.59±41.72

All data are presented as means± standard deviation (n = 8 for each group). * P<0.05 vs Control; # P<0.05 vs D-Gal (one-way analysis of variance).
Abbreviation: BV/TV, bone volume to total volume; Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; BMD, bone mineral density.
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differentiation (ALP activity), and mineralization (mineralized nodule)
in a dose- and time-dependent manner (from 0.03 μM–0.3 μM). Cells
treated with CAG at 0.03 μM for 48 h had better viability (Fig. 8A), and
cells treated with CAG at 0.03 μM for seven days had higher ALP ac-
tivity, compared to cells treated with icariin (Figure 8B). Moreover, the
effect of 0.3 μM CAG on mineralization was comparable to that of 10
μM icariin (Figure 8C). These results suggest that CAG has the capacity
to enhance bone formation.

4. Discussion

According to previous studies, an increase in SOP causes a sig-
nificant elevation in the occurrence of bone fractures, and up to 25 % of
elderly hip fracture patients die within a year of injury [32,33]. Fear of
serious adverse side effects in hormone replacement therapy and anti-
resorptive therapy has significantly diminished patient compliance
[34]. Thus, there is a need for new therapeutic approaches, with less
adverse side effects and higher efficacy. The present study provides a
new therapeutic option for senile osteoporosis. Results indicated that
both D-Gal treatment and natural aging in rats lead to bone loss via
degradation of the trabecular bone microstructure and decline in bone
biomechanical properties. Supplementation with CAG was shown to
improve skeletal phenotype in two age-related bone loss models. Re-
sults demonstrated that CAG supplementation leads to lower bone re-
sorption, while bone formation remains unchanged in the tibia meta-
physis, thereby maintaining bone mass and bone microarchitecture. In
addition, CAG improves the bone formation of femur diaphysis, thereby
enhancing bone biomechanical properties. Furthermore, our results
suggest that CAG potentially prevents age-related bone loss by in-
creasing osteoactivin (OA) expression.

OA, a type I transmembrane glycoprotein, is known to be vital in
bone formation. There are numerous cells within the skeletal system
that express OA, including osteoblasts, osteoclasts, macrophages, and

dendritic cells. Exogenous treatment with recombinant OA significantly
enhanced the osteogenic differentiation potential of MSCs [35]. More-
over, OA plays an important role in bone metabolism in vivo by pro-
moting bone formation and inhibiting bone resorption [27,28]. Pro-
teomic analysis showed that OA expression was up-regulated in aged
rats treated with CAG at 7 mg kg−1d−1, this was further supported by
western blot analysis. To the best of our knowledge, the present study is
the first to report that the effects of CAG on preventing age-related bone
loss may be attributed to the regulation of OA expression. Further
studies are needed to elucidate the relationship between the anti-os-
teoporotic effects of CAG and OA.

In this study, we used two different aging rat models: D-Gal-induced
aging model [36] and natural aging model [37]. D-Gal-induced aging
animal model, based on the free radical theory, has been widely ac-
cepted in previous research. In the present study, rats treated with D-Gal
for 20 weeks exhibited a decline in bone biomechanical properties and
a degradation in bone microstructure, following decreased bone for-
mation activity and increased osteoclast number. These changes were
significantly alleviated by CAG treatment. CAG treatment at a dose of 3,
7, or 14 mg kg−1d−1 decreased serum bone resorption marker (TRACP)
levels, serum oxidative stress marker (MDA) levels, and osteoclast
number. Simultaneously, it also increased bone formation activity and
BMD. CAG facilitates osteoblast mineralization in vitro; this is consistent
with in vivo BMD data. The effects of CAG may contribute to im-
provement in the biomechanical properties and microstructure of
bones.

Aging is a complex and gradual process characterized by cellular
senescence. Inducers of senescence include telomere dysfunction, re-
active oxygen species, chromatin alterations, DNA damage, and onco-
gene activation [38]. Bone remodeling is disrupted by senescent cells
and their secreted factors, leading to a decline in bone formation and an
elevation in resorption, ultimately causing osteoporosis [39]. In the
present study, 84-week-old rats demonstrated degraded bone

Table 2
Micro-CT analysis of femur metaphyseal trabecular bone in aged rats.

Parameters Groups
Young Aging CAG(L) CAG(M) CAG(H)

BV/TV/% 0.318±0.06 0.111± 0.56* 0.167± 0.07 0.19± 0.1 0.149±0.09
Tb.N/mm−1 4.39± 0.49 2.03± 0.75* 2.55±0.7 2.86± 1.2 2.26± 0.86
Tb.Th/mm 0.072±0.007 0.053± 0.01* 0.063± 0.013# 0.063± 0.009# 0.062±0.013
Tb.Sp/mm 0.158±0.03 0.508± 0.22* 0.365± 0.17 0.356± 0.2 0.424±0.16
BMD/mg*cm−3 326.2±36.33 214±56.37* 244.6± 57.07 267.6± 94.19 228.8±79.76

All data are presented as means± standard deviation (n = 6–9 for each group). * P<0.05 vs Young; # P<0.05 vs Aging (one-way analysis of variance).
Abbreviation: BV/TV, bone volume to total volume; Tb.N, trabecular number; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; BMD, bone mineral density.

Fig. 5. Effect of CAG on bone formation decline in the tibial metaphysis.
Representative fluorescence micrographs of the tibial metaphysis of (A) D-Gal-treated rats (n = 8 for each group) and (B) aged rats (n = 6–9 for each group).
Abbreviation: D-Gal, D-galactose; CAG(L), low dose of CAG; CAG(M), medium dose of CAG; CAG(H), high dose of CAG.
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microstructure, increased osteoclast number, and decreased bone for-
mation. These changes could be alleviated by CAG treatment. Treat-
ment with CAG for 33 weeks led to a decrease in osteoclast number
(tibia metaphysis) and an improvement in bone formation (femur dia-
physis). These effects may contribute to the increased trabecular bone
thickness and enhanced bone biomechanical properties in aged rats.
The results from both the aging rat models demonstrated that CAG

treatment was able to alleviate age-related bone loss.
Duration is a major obstacle in aging research, but it could be solved

by using an inducing agent [40]. Our data suggests that D-Gal-treated
rats and aged rats exhibited similar bone loss, impaired bone micro-
architecture, and altered bone metabolism; only a small difference was
found between these two models. Trabecular bone thickness showed no
decrease in D-Gal-treated rats, whereas it decreased in aged rats. CAG

Table 3
Histomorphological analysis of proximal tibial metaphysis in D-Gal-treated rats.

Parameters Groups
Control D-Gal CAG(L) +D-Gal CAG(M) +D-Gal CAG(H) +D-Gal

BFR/TV(%/year) 117.34±50.43 19.60± 10.26** 68.76±59.14# 39.42± 34.80 73.57± 38.31#

MAR(μm/d) 2.04± 0.73 0.91±0.41** 1.54± 0.63 1.23± 0.42 2.05± 0.57##

%Ob.Pm(%) 1.71± 0.32 1.37±0.59 1.81± 0.73 1.90± 0.34 1.56± 0.55
Oc.N(no.mm) 0.24± 0.14 0.35±0.06* 0.25± 0.11# 0.25± 0.06# 0.23± 0.08#

All data are presented as means± standard deviation (n = 8 for each group). *P<0.05, ** P<0.01 vs Control; # P<0.05 vs D-Gal (one-way analysis of variance).
Abbreviation: BFR/TV, bone formation rate to total volume; MAR, mineral apposition rate; %Ob.Pm, osteoblast perimeter percentage; Oc.N, osteoclast number.

Table 4
Histomorphological analysis of proximal tibial metaphysis in aged rats.

Parameters Groups
Young Aging CAG(L) CAG(M) CAG(H)

BFR/TV(%/year) 127.5±21.2 47.59± 30.2* 46.56± 24.8 35.63± 19.1 45.57±21.1
MAR(μm/d) 1.41± 0.23 1.13±0.49 1.15±0.13 1.12±0.21 1.35± 0.71
%Ob.Pm(%) 0.339±0.186 0.184± 0.112* 0.184± 0.14 0.266± 0.273 0.249±0.127
Oc.N(no.mm) 1.13± 1.25 1.44±1.01* 0.25±0.46# 0.78±1.09 1.67± 1.21

All data are presented as means± standard deviation (n = 6–9 for each group). *P<0.05, ** P<0.01 vs Young; # P<0.05 vs Aging (one-way analysis of variance).
Abbreviation: BFR/TV, bone formation rate to total volume; MAR, mineral apposition rate; %Ob.Pm, osteoblast perimeter percentage; Oc.N, osteoclast number.

Fig. 6. CAG alleviates bone formation decline in the tibial diaphysis.
Representative fluorescence micrographs of the tibial diaphysis of (A) D-Gal-treated rats and (B) aged rats. (C) Quantification of E-%L.Pm in the tibial diaphysis of D-
Gal-treated rats (n = 8 for each group). (E) Quantification of P-%L.Pm in the tibial diaphysis of aged rats (n = 6–9 for each group). All data are presented as
means± standard deviation. *P<0.05 (one-way analysis of variance).
Abbreviation: D-Gal, D-galactose; CAG(L), low dose of CAG; CAG(M), medium dose of CAG; CAG(H), high dose of CAG; E-%L.Pm, endosteum labeled perimeter
percentage; P-%L.Pm, periosteum labeled perimeter percentage.
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was shown to cause greater improvement in preventing bone loss in D-
Gal-treated rats than in aged rats. Excess D-Gal is converted into aldose
and hydroperoxide through the catalyzation of galactose oxidase, re-
sulting in the generation of ROS which subsequently causes oxidative
stress, inflammation, mitochondrial dysfunction, telomere attrition, and
apoptosis, eventually leading to aging; thus, a drug-induced aging
model is more rapid and stable. However, at least ten hallmarks and
more than five inducers are involved in the natural aging process, and
overexpression of ROS is just one of these [18]. This may explain the
small difference observed between the D-Gal-induced aging model and
the natural aging rat model, as natural aging involves more complex
mechanisms. Taken together, our data suggest that the D-Gal-induced
aging model is suitable for testing the effect of compounds on age-re-
lated bone loss. However, this model dose not fully represent bone loss
in the natural aging process.

Notably, incubation of pre-osteoblasts with high concentrations of
CAG (3 μM) for up to 72 h did not impair cell viability. The dose of CAG
used in this study (daily oral gavage for up to 33 weeks) did not cause
any adverse behavioral events or abnormal changes in bone histology
and body weight during the entire duration of the study, suggesting that
CAG has a safe profile; consistent with published literature [41]. The
safety of the compound demonstrated in the study provides a proof of
concept for the feasibility of CAG treatment for clinical transformation.

Senescent cells have a negative effect on bones in the long run.
Genetic or pharmacological approaches to clear senescent cells result in
better skeletal phenotypes in aged mice. Similar results were observed
when factors secreted by senescent cells (senescence-associated secre-
tory phenotype) were inhibited. Clearing senescent cells resulted in

lower bone resorption and either an increase (cortical bone) or main-
tenance (trabecular bone) in bone formation [42]. Similar bone meta-
bolism changes were found in aging rat models in the present study
after CAG treatment. Aging is a gradual process which may be rescued
by pharmacological treatment [43]. Although it is beyond the scope of
the present study, it would be interesting to examine whether CAG has
an effect on reducing senescent cell formation by activating telo-
merases, which may be an alternative option for clearing senescent
cells.

In summary, our results revealed that CAG alleviates age-related
bone loss, improves bone microstructure and biomechanical properties.
This is potentially due to CAG-induced increase in osteoactivin ex-
pression. Furthermore, our results support preclinical investigations of
CAG as a potential therapeutic medicine for the treatment of senile
osteoporosis.
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Fig. 7. CAG increases osteoactivin expression.
Proteomic analysis showed that osteoactivin (OA) was up-regulated in CAG(M)-treated aged rats. (A) Volcano plot showing that CAG-treated rats had increased OA
expression compared to aged rats. (B) Quantification of change in OA expression level. (C) Western blot analysis further proves that OA was up-regulated after CAG
treatment, and (D) quantification of that change. All data are presented as means± standard deviation. *P<0.05 (Fisher's exact test in proteomic analysis; One-way
analysis of variance in western blot analysis).
Abbreviation: OA, osteoactivin; CAG(L), low dose of CAG; CAG(M), medium dose of CAG; CAG(H), high dose of CAG.
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Appendix A. Supplementary data

Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.biopha.2020.110304.
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